Neuronal and glial glutamate transporters limit the action of excitatory amino acids after their release during synaptic transmission. Recent structural and functional investigations have revealed much about the transport and conducting mechanisms of members of the sodium-coupled symporter family responsible for glutamate clearance in the nervous system. In this review we summarize emerging views on the general structure, binding sites for substrates and coupled ions, and transport mechanisms of mammalian glutamate transporters, integrating results from a large body of work on carrier structureefunction relationships with several crystal structures obtained for the archaeal ortholog, Glt Ph .
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Glutamate transporters, also referred to as excitatory amino acid transporters (EAATs), clear synaptically released glutamate from the extracellular space, thus ensuring the precise control of excitatory synaptic transmission. In addition, excessive extracellular concentrations of glutamate can be neurotoxic and the efficient removal of glutamate limits pathological conditions associated with excitotoxic cell death (Danbolt, 2001) . Research on the structure and function of EAATs has progressed greatly since the cloning of mammalian genes coding these carriers in the early 1990's and is now entering an exciting phase with the publication of several crystal structures for an archaeal glutamate transporter ortholog from Pyrococcus horikoshii, Glt Ph (Boudker et al., 2007; Reyes et al., 2009; Yernool et al., 2004) . These high resolution atomic-level structures not only provide a framework for more refined experiments to determine the mechanisms of transporter function, but also enable the use of computational simulations to provide key insights into protein dynamics associated with the transport cycle. However, despite the w30% sequence identity between prokaryotic and eukaryotic carriers, it can be challenging to link the crystal structures of Glt Ph to experimental work exploring structureefunction relationships among the mammalian EAATs. In this review, we revisit the structural features and proposed mechanisms of glutamate transporters obtained from studies of prokaryotic and mammalian transporters, with special emphasis on their relationships to the Glt Ph crystal structures.
General features of EAATs
Five mammalian EAAT isoforms (EAAT1-5) have been characterized and are members of a larger family of cation-amino acid cotransporters. The glutamate transporter family also includes two related neutral amino acid transporters, ASCT1 and ASCT2, as well as a number of prokaryotic amino acid and dicarboxylic acid transporters including GltT Bs , a glutamate transporter from Bacillus stearothermophilus and DctA, a dicarboxylate permease from Rhizobium meliloti. The 5 mammalian EAATs and 2 ASCTs also belong to the solute carrier family 1 (SLC1), and correspond to the isoforms SLC1A1-7 (Kanai and Hediger, 2004) . The five mammalian EAATs display w50% identity and w60% similarity, and the identities among all family members are around 25e30% (Slotboom et al., 1999a) , making it reasonable to assume that the mammalian EAATs will have many structural and mechanistic features in common with their prokaryotic counterparts. However, considerable variations in structure, ion requirements and substrate selectivity exist between different species, which sometimes makes it difficult to compare data obtained from different family members.
Glutamate transporters belong to the secondary active transporter family which uses free energy stored in ion/solute gradients to drive substrate movement. It is generally accepted that for mammalian carriers the transport cycle involves two sequential half-cycles ( Fig. 1A ): i) co-transport of 1 glutamate with 3 sodium ions and 1 proton ion into the cell cytosol, and ii) counter-transport of 1 potassium ion to return transporters to their externally-facing, unoccupied state (Levy et al., 1998; Zerangue and Kavanaugh, 1996) . This stoichiometry generates a net influx of two positive charges for each transport cycle and enables the generation of up to a 10 6 -fold gradient of glutamate across the cell membrane (Zerangue and Kavanaugh, 1996) . In addition, EAATs possess a substrateactivated but thermodynamically-uncoupled anion conductance (Fig. 1B) , a chloride current under physiological conditions, which has been proposed to function as a feedback sensor to dampen cell excitability and prevent additional glutamate release (Fairman et al., 1995; Picaud et al., 1995; Veruki et al., 2006; Wadiche et al., 1995) .
Membrane topology and oligomerization of EAATs
An appreciation of the general membrane topology of EAATs was a crucial first step towards understanding the structural elements contributing to different aspects of transporter function. Initial hydropathy analyses of GLAST-1 (rat EAAT1, SLC1A3), GLT-1 (rat EAAT2, SLC1A2) and EAAC-1 (rabbit EAAT3, SLC1A1), as well as direct experimental evidence supported the presence of six transmembrane (TM) a-helices in the N-terminal part of the transporters with two N-glycosylation sites located in the extracellular loop between TM domain III & IV (Fig. 2) Kanai and Hediger, 1992; Pines et al., 1992; Storck et al., 1992; Wahle and Stoffel, 1996) . However, initial structural predictions were ambiguous for the C-terminus, in part because of many charged residues present within otherwise hydrophobic domains, and thus the membrane topology of the C-terminal domain has long been debated. Early studies attempted to assess the membrane orientation of a reporter epitope fused with sequential C-terminal deletions of glutamate transporters, resulting in several different models for the C-terminal domains (Jording and Puhler, 1993; Slotboom et al., 1996; Wahle and Stoffel, 1996) . Although informative, these studies were criticized for being based on data using truncated non-functional transporters, which might not reflect the organization of full-length native carriers.
As an alternative approach, several laboratories used cysteine substitutions combined with thiol-modifications to determine the membrane topology of the C-terminal domains. In these strategies, single cysteine residues are introduced into regions of interest and their accessibility probed with various sulfhydryl-reactive reagents. Residues that can be modified by both membrane permeable and impermeable agents are designated as extracellular, whereas residues that can only be modified by membrane permeable agents are intracellular. Finally, residues that do not react with either permeable or impermeable agents are presumed to reside within TM domains (Seal et al., 1998) . Two models were developed for human EAAT1 (Seal et al., 2000) and GLT-1 (Grunewald and Kanner, 2000) respectively using this kind of approach, and the results for GLT-1 generally agreed with the predicted topology of the bacterial transporter GltT Bs (Slotboom et al., 2001 (Slotboom et al., , 1999b . Both mammalian carrier models ( Fig. 2A and B) proposed the existence of re-entrant loops, but differed in the number and location of the TM domains and re-entrant loops. The major basis for the differences in the two models is the accessibility of a single substituted residue, A395C in human EAAT1 (A393C in GLT-1) (Grunewald et al., 1998; Seal and Amara, 1998) . Although A395C in human EAAT1 could be readily modified by small impermeant methanethiosulfonate reagents (MTSET and MTSES), implying an extracellular location, Kanner and colleagues showed that the corresponding residue in GLT-1, A393C, was inaccessible by these reagents and placed it at the end of a large intracellular loop.
A breakthrough in understanding the membrane topology of glutamate transporters came in 2004 with the first crystallization of an archaeal glutamate transporter ortholog from P. horikoshii, Glt Ph (PDB ID 1XFH) (Yernool et al., 2004) . Glt Ph exists as a trimer comprised of three identical subunits in the crystal. Each protomer contains eight TM domains and two re-entrant loops. The first six TM domains form a scaffold surrounding a C-terminal core domain that contains structural elements required for the transport mechanisms. This C-terminal translocation core domain includes two opposite-facing helical hairpins (HP1 and HP2), a seventh TM helix interrupted by a b-linker and an amphipathic helix, TM8
( Fig. 2C and D) . A non-protein electron density nestled between HP1 and HP2 was also observed in the crystal and was suggested to be the bound substrate. Therefore, this Glt Ph structure is referred to as the substrate-bound conformation. One striking feature of Glt Ph is that it forms a large bowl-shaped basin that extends halfway through the membrane and thus, several regions in the C-terminal part are solvent accessible despite their location within the plane of the membrane (Fig. 2E) .
Although many structural features of glutamate transporters, including the existence of two re-entrant loops, were predicted by the substituted cysteine modification studies, the exact locations of the TM domains and the re-entrant loops in Glt Ph differ from the proposed mammalian models (Fig. 2C) . How well does the membrane topology of Glt Ph represent that of the mammalian EAATs? To address this question, it is useful to revisit data obtained from substituted cysteine modification studies in light of not only the substrate-bound Glt Ph structure, but also the two other available 3-dimensional Glt Ph structures. A second structure (PDB ID 2NWW), referred to as the TBOA-bound conformation, was crystallized in the presence of a competitive inhibitor, DL-threo-benzyloxyaspartate (TBOA). The overall structural features of the TBOA-bound Glt Ph are very similar to those of the substrate-bound carrier (PDB ID 1XFH) except that the HP2 region is displaced away from the substrate binding site (Boudker et al., 2007) . A third Glt Ph structure (PDB ID 3KBC) was recently resolved by crosslinking two cysteines introduced into TM2 and HP2. This structure is referred to as the inwardfacing conformation, in which the C-terminal core domain moves inward approximately 18 Å towards the cytoplasm (Reyes et al., 2009) . Each crystal structure of Glt Ph represents a single snapshot of one of many conformational states that occur during the transport cycle. Because the carrier dynamics will affect the solvent accessibility of certain protein domains, we mapped the residues characterized in cysteine modification studies onto the three reported Glt Ph structures based on their sequence alignment and observed that the thiol-modification behavior of many of these residues can be explained by at least one of these Glt Ph structures. For example, the residue A395C in human EAAT1 noted above is located in the vicinity of the unwound segment "NMDGT" in TM7 and is occluded by the HP2 region in the substrate-bound Glt Ph structure (Fig. 2D) . At first glance, this residue seems to be inaccessible from either the intracellular or extracellular side of the cell. However, the displacement of HP2 in the TBOA-bound Glt Ph structure exposes this residue to the extracellular environment and the inward movement of the core domain in the inward-facing Glt Ph structure exposes it intracellularly. Therefore, A395C is accessible from both sides of the cell, which reconciles differences in the modification of this residue observed experimentally in human EAAT1 and GLT-1 (Grunewald et al., 1998; Seal and Amara, 1998) . Indeed, the modification of the residue A395C by another thiol-reactive methanethiosulfonate reagent, MTSEA, was protected by L-Glutamate only when MTSEA was applied at low concentrations but not at high concentrations. As MTSEA can permeate the cell membrane under some conditions, this observation suggests that at high concentrations MTSEA can modify A395C from the cytoplasm and supports the idea that this residue can be alternatively accessed from either side of the membrane (Seal and Amara, 1998) .
Cysteine crosslinking studies have provided even stronger evidence supporting that Glt Ph and the mammalian EAATs share similar structural features. These studies aimed to look for residue pairs that are close in space and thus when mutated to cysteines can be crosslinked by oxidizing reagents such as copper phenanthroline (CuPh). The rationale for the original studies was simply based on similarities of residue pairs in thiol accessibility and modification rate, and in the ability of substrates, coupled ions and Three different membrane topology models are illustrated in panels AeC. Two were suggested based on the results obtained in substituted cysteine modification studies using human EAAT1 (A) and GLT-1 (B), respectively, and the third (C) was revealed by the crystallization of an archaeal EAAT ortholog from Pyrococcus horikoshii, Glt Ph . (D) Cartoon representation of the Glt Ph protomer viewed in the plane of the membrane. Transmembrane domain s1-6 colored in grey form a scaffold that holds the core translocation domain comprised of HP1 (yellow), TM7 (orange), HP2 (red) and TM8 (magenta). Residue A395 in human EAAT1 referred to in the text (equivalent to A393 in GLT-1 and A307 in Glt Ph ) is shown as red dots in the topology models (AeC) and is also illustrated as a blue sphere in the Glt Ph protomer (D). (E) View of a Glt Ph trimer parallel to the membrane. Subunits in the trimer are colored in either green, magenta or cyan. The protomer and the trimer structure are based on the Glt Ph crystal structure 1XFH, and are made using the software Pymol (Schrödinger, LLC).
non-transportable analogs to prevent or enhance modification. These studies identified residue pairs of A412C/V427C (TM7/HP2), A364C/S440C (HP1/HP2) in GLT-1 (Brocke et al., 2002) and pairs of A395C/A440C (TM7/HP2), and A395C/A367C (TM7/HP1) in human EAAT1 (Leighton et al., 2006) . When these residue pairs are mapped onto the substrate-bound Glt Ph structure, they are also sufficiently close in space to allow the formation of disulfide bonds when substituted with cysteines (Fig. 3A) . Moreover, the structure of Glt Ph was used as a model to look for additional pairs, which led to the identification of residue pairs of M449C/L466C (HP2/TM8), L453C/I463C (HP2/TM8), I411C/I463C (TM7/TM8) in GLT-1 (Fig. 3B ) (Qu and Kanner, 2008) . These results clearly demonstrate that the relative positions of TM7, TM8, HP1 and HP2 are conserved in Glt Ph and the mammalian EAATs.
It has long been proposed that EAATs form homo-multimers (Haugeto et al., 1996) and the quaternary stoichiometry of EAATs was explored with various biochemical approaches, including the use of chemical crosslinkers. Early studies showed that GLT-1 migrates as a trimer in SDS-PAGE after crosslinking, whereas GLAST may exist as both trimers and dimers (Haugeto et al., 1996) . Similar crosslinked trimer species were observed for two bacterial transporters, Glt Bc and Glt Bs (Yernool et al., 2003) , and the trimeric structure was further confirmed for human EAAT2 and the bacterial transporter GltT Ec using blue native polyacrylamide gel analysis (Gendreau et al., 2004) . In addition, by applying a coupled chromatographic and spectroscopic technique that accurately measures the native molecular masses of membrane proteins, Yernool et al. have shown that GltT Bc and GltT Bs have molecular weights of 140 kDa and 154 kDa respectively under non-denaturing conditions, approximately three times the size of their corresponding protomers (Yernool et al., 2003) . Although one study reported a pentameric assembly of human EAAT3 (Eskandari et al., 2000) , with the crystallization of Glt Ph as a symmetric trimer, it is generally accepted that glutamate transporters are comprised of three identical subunits, and this stoichiometry appears conserved in both prokaryotic and eukaryotic carriers (Yernool et al., 2004) .
Thus, Glt Ph and the mammalian EAATs form homo-trimers and also share similar 3-dimensional membrane topology, at least for the C-terminal part of the proteins. In addition to these shared features, the mammalian EAATs have a segment of more than 50 amino acids between TM4b and TM4c containing N-linked glycosylation sites, which is absent in Glt Ph . It has been postulated that these extra residues form a loop that extends from the center of the trimer basin and is accommodated in the large vestibule formed by the assembly of three subunits (Koch et al., 2007) . Further studies are needed to reveal the membrane topology of the N-terminal part of the mammalian EAATs in three dimensions, particularly the structure of the additional residues not present in Glt Ph .
Binding sites for glutamate and coupled ions
Structural analyses, including mutagenesis studies and crystallography, have also examined potential binding sites for substrates and for the various coupled ions, Na þ , H þ and K þ , providing data that has facilitated our understanding of transport mechanisms. Mutagenesis studies have generally focused on conserved polar or charged amino acid residues because of their potential for interacting with charged substrates and coupled ions. However, these studies have limitations because changes in substrate binding or ion dependence can arise from structural changes that indirectly alter the binding sites. In this section, we will consider the residues critical for the binding of glutamate and coupled ions, comparing results from mutagenesis studies with the binding sites resolved in the Glt Ph structures (Boudker et al., 2007) .
Glutamate binding site
Elements of the substrate binding site were resolved at atomic level for Glt Ph by exploiting the fact that L-cysteine sulphinic acid (L-CS) binds tightly to Glt Ph and produces a clear anomalous scattering from its sulfur atom (Boudker et al., 2007) . Because Glt Ph prefers aspartate over glutamate as a substrate, the structure of aspartate was superimposed on the electron density of L-CS assuming that the g-carboxyl group of aspartate occupies the same position as the sulphinic acid group of L-CS. This strategy revealed a substrate binding site formed by the tips of HP1 and HP2, the unwound region of TM7 (NMDGT motif) and the polar residues of amphipathic TM8 (Fig. 4A) , which is very similar to the previously observed non-protein electron density in the substrate-bound Glt Ph (Yernool et al., 2004) . Several key interactions important for substrate binding were also suggested for Glt Ph . These include interactions between the amino and a-carboxyl groups of aspartate with R276/S278 (HP1), V355 (HP2), D394/N401 (TM8), as well as interactions between the g-carboxyl group of aspartate with T314 (TM7), G359 (HP2) and R397 (TM8).
The importance of the charged residues D394 and R397 for substrate binding have been confirmed in the mammalian EAATs. Without any available high resolution structure data, these studies were based on the comparison of amino acid sequence variations between subtypes displaying different substrate specificities. Conradt et al. noticed that R479 in GLAST-1 (R397 in Glt Ph ) is conserved in acidic amino acid transporters, but a threonine residue sits in the corresponding position in the neutral amino acid transporter, ASCT1 (SLC1A4). Mutation of this arginine to threonine abolished glutamate uptake, suggesting that R479 is essential for substrate transport . Evidence directly linking this residue to glutamate binding came from a mutagenesis study of the equivalent residue in EAAC-1, R447 (Bendahan et al., 2000) . Wild type EAAC-1 transports L-cysteine in addition to acidic amino acids. Mutated carriers with uncharged or negatively-charged substitutions at R447 no longer transport acidic amino acids, but are still able to accumulate L-cysteine. In addition, these mutated transporters transport L-serine, which is not a substrate for wild type Fig. 3 . Spatial relationships among the transmembrane domains in the C-terminal part of EAATs. (A) Residue pairs in the mammalian EAATs that were characterized to form CuPh-induced disulfide crosslinks when substituted with cysteines are illustrated on the Glt Ph structure. Shown in blue are two pairs identified in GLT-1, A412C/V427C (pair 1, TM7/HP2) and A364C/S440C (pair 2, HP1/HP2), corresponding to A326/I341 and S279/G354 in Glt Ph , respectively. Shown in green are two pairs identified in human EAAT1, A395C/A367C (pair 3, TM7/HP1) and A395C/A440C (pair 4, TM7/HP2), corresponding to G280/A307 and A307/T352 in Glt Ph , respecively. (B) Residue pairs that are spatially close in the Glt Ph structure were confirmed by substituted cysteine crosslinking studies in the mammalian EAATs. These include pairs of L363/L387 (pair 5, HP2/TM8), L367/Y383 (pair 6, HP2/TM8) and I325/Y383 (pair 7, TM7/TM8) in GltPh, corresponding to M449C/L466C, L453C/I463, I411C/I463C in GLT-1, respectively. The illustrations are based the Glt Ph crystal structure 2NWX, and are made using the software Pymol (Schrödinger, LLC).
EAAC-1. Strikingly, acidic amino acids do not compete with L-cysteine, indicating that they no longer bind to the R447 substitution mutants. Thus, it was proposed that R447 (EAAC-1 numbering) interacts with the g-carboxyl group of glutamate.
Further studies identified another conserved aspartate residue D444 in EAAC-1 (D394 in Glt Ph ) that is also important for the productive interaction of acidic amino acid substrates (Teichman and Kanner, 2007) . The bacterial dicarboxylic acid transporter DctA has a serine residue in place of the aspartate corresponding to D444 in EAAC-1. Wild type EAAC-1 does not bind the dicarboxylic acid, succinate, but DctA can. When D444 in EAAC-1 is mutated, succinate can bind to the mutant carriers and inhibit sodiuminduced transient currents, which are thought to represent charge moving conformational changes following binding/unbinding of sodium. Unlike the R447 mutants, D444 mutants still bind acidic amino acids, but no longer transport. Instead, these substrates function as non-transportable inhibitors that block the sodiuminduced transient currents as well as sodium-activated anion leak currents. Thus, it appears likely that the interaction of D444 is an obligate step for the translocation of acidic amino acids, presumably through a direct contact with the amino group of substrates.
The role of other residues proposed to comprise the substrate binding site in Glt Ph , such as R276, T314 and N401, has not been thoroughly investigated in the mammalian EAATs (Table 1) . Mutations of these corresponding residues in human EAAT1 generally abolished or significantly impaired glutamate uptake (Seal et al., 2000) . Further experiments will be necessary to clarify whether the reduced activity of these mutants reflects their inability to bind substrates correctly.
Sodium binding sites
The coupling of sodium ions to the movement of substrate is a mechanistic feature shared by both the mammalian EAATs and their prokaryotic ancestors. Y403 in GLT-1 was the first residue to be implicated in sodium binding. The mutant Y403F not only exhibits an approximately 8-fold increase in the apparent sodium affinity, but it also can transport glutamate when sodium is replaced by lithium or cesium (Zhang et al., 1998) . Efforts to identify residues near Y403 that influence sodium binding revealed two additional amino acids within the loop structure of HP2 (S440 and S443 in GLT-1). It has been demonstrated that lithium can replace at least one sodium ion, but not all three to support transport activity in GLT-1 (Grunewald and Kanner, 1995) , whereas all three sodium ions can be replaced by lithium ions to support substrate transport by EAAC-1 (Borre and Kanner, 2001 ). Mutation of S440 in GLT-1 to glycine, the residue found at this position in EAAC-1, allows lithium ions to drive substrate uptake. Transport by this mutant carrier also depends on the nature of amino acid at position S443 (Zhang and Kanner, 1999) . Moreover, the reciprocal mutation of glycine to serine in EAAC-1 disrupts the ability of lithium ions to support substrate transport (Borre and Kanner, 2001 ). These results suggest that S440 and S443 in GLT-1 play a role in sodium ion discrimination. Further studies (Table 1) have focused mainly on conserved, negatively-charged residues that have the potential to interact with cations. Tao et al. showed that neutralization of D367 in EAAC-1 inhibits binding of Na þ to the substrate-free form of transporters (Tao et al., 2006) . Moreover, the substrate itself, in cooperation with a conserved aspartate residue D439 in EAAC-1, helps determine the affinity for binding of additional sodium ions . The residues that form the sodium binding sites in Glt Ph were suggested by the crystallization of the transporter with two thallium ions, which have stronger anomalous scattering properties than sodium ions. The sodium binding site #1 is buried deeply in the protein and is comprised of residues (Glt Ph numbering) S278 (HP1), G306/N310 (TM7), N401/D405 (TM8), and residues T308 (TM7) and S349/I350/T352 (HP2) form the sodium binding site #2 (Fig. 4B) . Interestingly, although they are nearby to the two proposed sites, none of the residues characterized in mutagenesis studies agree precisely with the ones proposed for Glt Ph (Table 1) . These observations illustrate some of the limitations inherent in using mutagenesis studies to predict binding sites for substrates and coupled ions. However, concerns have also been raised as to whether the anomalous difference map seen in Tl þ -soaked Glt Ph accurately represents the sodium binding sites because thallium does not support substrate transport in Glt Ph . To help resolve these issues, computational simulations have been used to model the sodium binding sites. These studies include molecular dynamics simulations based on the Glt Ph structure (Shrivastava et al., 2008) and electrostatic mapping based on the Glt Ph structure as well as the homology model of EAAC-1 (Holley and Kavanaugh, 2009 ). Both studies revealed two sodium binding sites in the vicinity of those suggested by the Glt Ph structure. In addition, molecular dynamics simulations suggest that one sodium ion is stabilized by interacting with N310 and D312 in the "NMDGT" motif of TM7, and G404 in TM8 in Glt Ph . The aspartate D312 is equivalent to D367 in EAAC-1, a residue which has been suggested to bind sodium ions prior to glutamate binding (Tao et al., 2006) and also to form a b-bridge with residue N310 (Rosental et al., 2006) . Interestingly, Fig. 4 . Binding sites for substrate and coupled sodium ions. (A) The substrate binding site revealed in the Glt Ph structure is comprised of residues from HP1 (yellow), TM7 (orange), HP2 (red) and TM8 (magenta). Residues highlighted in red boxes represent those also proposed from the results of mutagenesis studies in the mammalian EAATs (B) Two sodium binding sites revealed in the Glt Ph structure. The two sodium ions are shown as purple spheres. Residues in HP1, TM7 and TM8 form sodium binding site #1, whereas residues in TM7 and HP2 form sodium binding site #2. (C) A potential third sodium binding site, shown as a cyan sphere, includes residues from TM3, TM7 and TM8. The illustrations are based the Glt Ph crystal structure 2NWX, and are made using the software Pymol (Schrödinger, LLC).
while we were writing this review, Tao et al. characterized a conserved threonine residue in TM3, T101 in EAAC-1 (T92 in Glt Ph ), that forms a sodium binding site together with D367 (Tao et al., 2010) . These results support the idea that the sodium binding site observed in molecular dynamics simulations could be a previously uncharacterized sodium binding site (Fig. 4C ) comprised of T92 (TM3), N310/D312 (TM7), and G404 (TM8) in Glt Ph . By contrast, the electrostatic mapping study suggested a completely different sodium binding site which is stabilized by bound glutamate. This interesting observation agrees with the proposal that the bound substrate controls the rate and the extent of Na þ interactions with the transporter and thus warrants further study.
Potassium binding site
In addition to its proposed contribution to Na þ binding, Y403 in GLT-1 has been implicated in the potassium-induced reorientation of the substrate-free carriers. Mutation of this residue locks the transporter in a sodium-dependent exchange mode and renders the transporter insensitive to potassium (Zhang et al., 1998) . A similar phenotype has been reported for mutations of the residue E404 in GLT-1, which is also involved in H þ binding and will be discussed later, and the residue R447 in EAAC-1, which interacts with the g-carboxyl group of glutamate (Bendahan et al., 2000; Kavanaugh et al., 1997) . Although Tl þ is traditionally viewed as a K þ congener, the thallium binding sites in Glt Ph are thought to be genuine sodium binding sites since only Na þ , but not K þ diminishes the thallium anomalous density peaks (Boudker et al., 2007) . However, Glt Ph does not require K þ to support substrate transport (Raunser et al., 2006) and it is intriguing that the sodium binding sites analogous to those identified in the Glt Ph structure may bind K þ in the mammalian EAATs. Indeed, Tl þ can replace intracellular K þ to mediate glutamate transport in EAAC-1 (Tao et al., 2008) and residue D455 in GLT-1, which corresponds to D405 in the sodium binding site #1 of Glt Ph , is required for the interaction of the transporter with both K þ and Na þ (Teichman et al., 2009) . In addition, a 3-dimensional representation of the K þ binding site was generated using electrostatic mapping based on a homology model of EAAC-1 (Holley and Kavanaugh, 2009 ). The proposed site overlaps substantially with the glutamate binding site and is mutually exclusive with glutamate binding. These results suggest that the potassium binding site overlaps with the binding sites for glutamate, H þ and Na þ , and may explain why the potassium-induced orientation step is vulnerable to mutations in various regions. It is conceivable that as EAATs reorient to the outward-facing state, K þ interacts with regions that were previously occupied by glutamate and coupled ions. Recently, a compound present in spider venom, Parawixin1, has been isolated and characterized to specifically speed the potassium-induced reorientation step of the transport cycle (Fontana et al., 2007) . Further studies using Parawixin1 and related compounds may help delineate how K þ binds and drives the reorientation of substrate-free transporters.
Proton binding site
It was originally proposed that a proton is transported by EAATs along with the protonated form of glutamate (Slotboom et al., 1999a; Zerangue and Kavanaugh, 1996) . Because the g-carboxyl group of glutamate appears to interact with residue R447 in EAAC-1, this mechanism requires that H þ binds to the negatively-charged glutamate which has bound to the transporter. However, work by Watzke et al. demonstrated that EAAC-1 must be protonated before 
These three residues when mutated lock the carriers in an obligatory exchange mode and are proposed to be involved in the potassium-induced translocation of substrate-free transporters D367 and D454 contribute potassium binding. E373 in EAAC-1 is proposed to be the proton acceptor Grewer et al. (2003) glutamate binds at the extracellular side and implied the existence of an ionizable residue in the transporter with apparent pKa of 8. In addition, the pKa of this residue shifts by at least 1.5 units after glutamate translocation (Watzke et al., 2000) . This residue has been identified as E373 in EAAC-1, because amino acid substitutions at E373 render substrate transport by the carriers pH-independent (Grewer et al., 2003) . E373 is equivalent to E404 in GLT-1, which has also been proposed to be crucial for the potassium-induced translocation step (Kavanaugh et al., 1997) . Taken together, these data support a general mechanism in which E373 in EAAC-1 functions as a proton acceptor at the extracellular side before glutamate binding, as a proton donor at the intracellular side, and once deprotonated, as a binding site for K þ which triggers reorientation of transporters.
Mechanisms of substrate transport
Secondary active transporters including EAATs are thought to function through an alternating access mechanism (Jardetzky, 1966) . In this model, the substrate binding site is alternatively accessible from the extracellular and intracellular sides through a process that depends on one or more conformational changes. Several studies have been carried out to probe the conformational transitions that occur during substrate transport in EAATs. Early work by Grunewald and Kanner compared how trypsin cleaves EAATs into different sets of proteolytic fragments in the absence or presence of substrates, and demonstrated that conformational changes triggered by substrate binding expose additional trypsin sites (Grunewald and Kanner, 1995) . Larsson et al. used voltage-clamp fluorometry to directly measure fluorescence changes in a neuronal EAAT covalently labeled with a fluorescent reporter. Their results showed that alterations in concentrations of glutamate and co-transported ion and in the membrane voltage induce conformational rearrangements in EAATs (Larsson et al., 2004) . More recently, Mim et al. determined the activation parameters of rapid, glutamate-induced processes by analyzing the temperature dependence of glutamate transport at steady state and pre-steady state. They proposed that two conformational changes accompany glutamate translocation and at least one conformational change accompanies relocation of the empty transporter based on the large calculated enthalpies associated with these processes (Mim et al., 2007) . Although these studies do not have sufficient resolution to reveal the nature of these conformational changes, they do suggest the potential for multiple discrete conformational transitions during the transport cycle.
The substrate binding site of Glt Ph is cradled by the two hairpin loops (HP1 and HP2). These hairpins have thus been proposed to act as inner and outer gates for glutamate transporters, and the Glt Ph structure with substrate bound (PDB ID 1XFH) represents an occluded state with two gates closed. The structural evidence supporting HP2 as the outer gate comes from the TBOA-bound Glt Ph structure (PDB ID 2NWW). The structure provided a clear view showing that when TBOA is bound, HP2 is locked in an open conformation, thus precluding the binding of a sodium ion and further conformational changes (Fig. 5A) . The opening of HP2 was also suggested by molecular dynamics simulations based on the apo-state (unliganded state) of Glt Ph structure and is considered to be an intrinsic feature of glutamate transporter dynamics that occurs within tens of nanoseconds in simulations (Shrivastava et al., 2008) . Indeed, substituted cysteine modification studies performed on human EAAT1 and GLT-1 showed that substrates and coupled ions can modify solvent accessibilities of the residues in HP2, consistent with the idea that this region undergoes conformational changes during substrate translocation in the mammalian EAATs Leighton et al., 2002) .
On the other hand, more limited data exist to support HP1 as the inner gate. Biochemical studies showed that a conserved motif of three consecutive serine residues at the HP1 tip can be accessed by hydrophilic agents from both sides of the membrane in the bacterial transporter GltT Bs (Slotboom et al., 1999b) . In addition, Shlaifer and Kanner (Shlaifer and Kanner, 2007) probed the reactivity of cysteines introduced into the C-terminal part of GLT-1 to membrane permeable agent N-ethylmaleimide. They observed an increase in the modification of cysteine mutants in TM7, TM8 and HP1 when external sodium was replaced by potassium, a condition expected to increase the proportion of inward-facing transporters. By contrast, the modification of these cysteines was decreased by non-transportable analogs, which presumably lock transporters in the outward-facing state. Based on these observations, the authors suggested that the inward movement of HP1 leads to the opening of a pathway between the binding pocket and cytoplasm, lined by parts of TM7 and TM8. Interestingly, our lab demonstrated that a disulfide crosslink that limits the movement of HP1 appears to abolish transport, whereas constraint of HP2 movement alters the apparent affinities for substrates with no effect on the maximal transport rate. These results link the movement of HP2 to initial substrate binding events and the movement of HP1 to later steps in translocation, consistent with the view that these two domains may function as outer and inner gates of the translocation pore, respectively (Leighton et al., 2006) . While HP2 can move freely towards the large aqueous basin formed by the three subunits, HP1 is tightly packed with TM7, TM8 and the surrounding scaffold structure in the substrate-bound Glt Ph structure (Figs. 2D and 5B). It was therefore proposed that HP1 first moves vertically towards the cytoplasm and then laterally away from TM7 and TM8 to create a pathway along the polar face of TM8, exposing the serine-rich HP1 tip (Yernool et al., 2004) . Evidence for such vertical movement of HP1 is now revealed in a recent inwardfacing structure of Glt Ph (PDB ID 3KBC) in which the two substituted cysteine (K55C/A364C) in TM2 and HP2 regions were crosslinked by divalent mercury (Hg 2þ ) (Reyes et al., 2009) . The most striking feature of this structure compared to the substrate-bound Glt Ph is that not only HP1, but the whole C-terminal part of the transporter moves approximately 18 Å towards the cytoplasm (Fig. 5C) . Such large movement significantly increases exposure of the core domain to the intracellular solution allowing the potential gating movement of HP1, and also contradicts the earlier proposal that small-scale molecular motions accomplish glutamate uptake in EAATs (Koch and Larsson, 2005) . The inward-facing conformational state of Glt Ph is recapitulated by a modeling study based on the symmetric considerations of the transporter (Crisman et al., 2009) . Interestingly, the equivalent residue pairs of K55C/A364C can also be crosslinked in human EAAT1 and EAAC-1 (Crisman et al., 2009; Ryan et al., 2004) , reinforcing the idea that Glt Ph and the mammalian EAATs share similar dynamic movements in their mechanisms for substrate transport.
Thus, a general picture of how EAATs transport glutamate emerges (Fig. 5) . HP2 opens up spontaneously to expose the substrate binding site. After glutamate and co-transported ions bind, HP2 closes and seals the substrate binding site, and the transporter is in an occluded, outward-facing conformation (Fig. 5D ). The whole core domain then moves towards the cytosol which permits the opening of the internal gate, presumably HP1, and the transporter is in an occluded, inward-facing conformation (Fig. 5E) . Finally, K þ binds to and facilitates reorientation of the carrier back to an outward-facing state.
Domains important for the EAAT-associated anion conductance
In addition to transporting glutamate, EAATs have also been shown to possess an anion channel activity (Fairman et al., 1995; Wadiche et al., 1995) . The anion conductance is activated by coupled Na þ and is significantly increased with the addition of glutamate. These two components of the anion current are referred to as the sodium-activated anion leak current and the substrateactivated anion current. Studies have shown that the substrateactivated anion current can still occur at 4 C or at membrane potential >70 mV when glutamate uptake is abolished (Wadiche and Kavanaugh, 1998) . Furthermore, modification of substituted cysteines in the HP2 region completely abolished uptake activity in the mutated carriers, but preserved the glutamate-activated chloride current (Borre et al., 2002; Ryan and Vandenberg, 2002; Seal et al., 2001 ). These results suggest that the substrate-activated anion channel function depends upon conformational changes distinct from those required for glutamate uptake. The molecular determinants of the EAAT-associated anion conductance have also been explored and are summarized in an excellent review published recently (Vandenberg et al., 2008) . The anion permeation pathway in human EAAT1 is thought to be comprised of TM2, TM5 and TM7 (Huang and Vandenberg, 2007; Ryan et al., 2004) . Mutations of several polar or charged residues in these regions affected various properties of the anion channel, but not the transport of glutamate. Because Glt Ph also conducts a substrateactivated anion current (Ryan and Mindell, 2007) , it is intriguing to look at the anion channel function of EAATs in light of the Glt Ph structures. The proposed selectivity filter and gating mechanism for human EAAT1 are particularly noteworthy. Residue S103 in human EAAT1 is implicated in forming part of the selectivity filter of the anion channel because the mutant carrier S103V completely changed the order of relative permeability for different anions (Ryan et al., 2004) . Interestingly, the equivalent mutant carrier in Glt Ph (S65V) significantly reduces substrate-activated anion influx, suggesting that the chloride permeation pathway is conserved in Glt Ph and human EAAT1 (Ryan and Mindell, 2007) . In addition, the mutant carrier D112A in human EAAT1 has a greatly increased sodium-activated anion leak current, but a decreased substrate-activated anion current. It was thus proposed that D112 may serve as a gating residue for the anion channel. When mutated, the channel is locked in an open state, which leads to the large increased anion current induced by sodium (Ryan et al., 2004) . The equivalent residue of D112 in Glt Ph is located at the TM2-TM3 loop, which undergoes significant conformational changes to accommodate the large movement of the C-terminal core domain as revealed by the inward-facing Glt Ph structure. Whether this large inward movement of the transport core domain is linked to the EAAT-associated anion conductance warrants further exploration.
Unsolved challenges and concluding remarks
This review summarizes data in the literature on the structural features, binding sites for substrates and coupled ions, and transport mechanisms of EAATs, and attempts to integrate results from a large body of structureefunction studies of glutamate transporters with the crystal structures obtained for Glt Ph . In the context of these 3-dimensional structures, a picture begins to emerge on how glutamate and its co-transported ions move across the cell membrane. Although the first two steps of the transport cycle (Fig. 1A) can now be linked to the structure of EAATs, it is not yet clear how glutamate is released into the cell cytosol and how K þ orients the substrate-free transporters back to their original state. The precise binding sites for coupled ions during the transport cycle remain controversial, which may reflect the different ion dependence, substrate specificity and transport kinetics in the various glutamate transporter family members. In addition, much remains to be illuminated regarding the molecular determinants of the EAAT-associated anion conductance as well as its relationships to substrate transport. Although the generation of a dynamic picture of the complete transport process will be even more challenging, the combination of high resolution structural analyses, computational simulations and the availability of chemical reporters and pharmacological probes of carrier functions holds great promise for advancing our understanding of the transport mechanism.
